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The retinoblastoma family of proteins is comprised of pRb and the related proteins p107 and p130 (also known as pRb2 and RBL2) (24, 28, 32, 47, 54) . Rb-1 has been identified as a tumor suppressor gene deleted or mutated in childhood retinoblastoma and in a wide variety of adult cancers (28, 80) . Although the role of p107 and p130 in tumor suppression is less clear than that of pRb, there are several reports of p130 inactivating mutations identified in human cancers (10, 13, 14, 37) . As is the case for pRb, overexpression of p107 and p130 can induce growth arrest in certain cell types (12, 91) and can bind to and inhibit transcriptional activity of E2F transcription factors. All three members of the pRb family undergo cell cycle-dependent phosphorylation (6, 19, 51, 52, 85) . It has been proposed that phosphorylation during the transition from G 0 /G 1 to S phase inactivates the growth-suppressive properties of pRb family members (11, 40, 91) by dissociation from E2F transcription factors.
All three pRb family members share a high degree of sequence homology. The characteristic pocket domain is comprised of A and B boxes separated by a spacer domain. The A and B boxes define the minimal region essential for binding to the LXCXE-containing proteins (41, 44) including adenovirus E1A, simian virus 40 (SV40) large T antigen (T-Ag), and human papillomavirus E7 (18, 23, 81) , as well as cellular proteins such as histone deacetylase 1 and 2 (5, 50), BRG1, BRM (22, 73, 76) , and others (20) . The ability of the LXCXE motif of viral oncoproteins to interact with pRb family members is indispensable for virus-mediated transformation (9, 74, 83, 88, 89) . However, pRb mutants defective in binding to LXCXEcontaining proteins were capable of inducing growth arrest and remained resistant to viral-mediated transformation (8, 15, 20) . The N-and C-terminal regions, as well as the spacer domain of the pocket proteins, share less sequence homology, suggesting that these fragments may endow functions specific for each family member.
The ability of pocket proteins to bind to E2F and inhibit E2F-dependent transcription is an important element of their cell cycle control. E2F regulates the transcription of genes coding for cell cycle regulatory factors (4, 17, 62, 67, 75, 90) , proto-oncogenes (68) , and enzymes required for DNA synthesis (21, 43, 55, 61, 69) . The E2F family consists of six members: E2F-1, E2F-2, E2F-3, E2F-4, E2F-5, and E2F-6. E2Fs heterodimerize with DP proteins DP-1 and DP-2, and this association is essential for high-affinity sequence-specific DNA binding, transcriptional activity, and interaction with pRb family members (1, 38, 45, 65, 84) . pRb family members associate with different subsets of E2F transcription factors both in vivo and in vitro. p130 and p107 specifically bind to E2F-4 and E2F-5, while pRb binds to E2F-1, E2F-2, E2F-3, and E2F-4 (2, 30, 39, 65) . Typically, E2F-1, -2, -3, and -5 levels are low in most cell types. In contrast, E2F-4 accounts for the majority of E2F complexes at every stage of the cell cycle (58) . E2F-4 is found associated with p130 at the G 0 /G 1 stage of the cell cycle but then apparently switches to p107 upon progression into the S phase (58) .
The cellular compartmentalization of E2F transcription factors is cell cycle dependent. Several laboratories demonstrated that upon progression from G 0 to S phase E2F-4 is translocated from the nucleus to the cytoplasm (48, 59, 78) . This finding suggests that cytoplasmic sequestration or nuclear export of E2Fs may provide an additional level of control of their transcriptional activity. While E2F-1, E2F-2, and E2F-3 contain a nuclear localization signal (NLS), E2F-4 and E2F-5 do not (48, 59) . Coexpression of certain pocket and DP proteins may promote the nuclear localization of E2F-4 and -5 (48, 49) . Furthermore, the nuclear translocation of E2F-4 may require interaction with p107 and p130 (48) .
It remains unclear whether the pocket proteins themselves can shuttle between the nucleus and cytoplasm. There are several reports demonstrating that p130 may be found in the cytoplasm in early S phase of the cell cycle (10, 13, 14, 29) . The dependence of cellular localization of E2F-4 on pocket proteins suggests the possibility that p130 may be involved in nucleocytoplasmic trafficking. In the present study, p130 was observed to be capable of shuttling between the nucleus and cytoplasm in an interspecies heterokaryon formation assay. Several independent NLSs were identified, including the C terminus, the pocket domain, and the unique Loop region of p130. In addition, an N-terminal region of p130 conferred cytoplasmic localization. Taken together, these results suggest that shuttling of p130 between the nucleus and the cytoplasm may take place under physiological conditions and may contribute to the regulation of p130 activity.
MATERIALS AND METHODS

Cells.
The human osteosarcoma U-2 OS and Saos-2, human glioblastoma T98G, and mouse NIH 3T3 cell lines were obtained from the American Type Culture Collection. The p107 Ϫ/Ϫ ;p130 Ϫ/Ϫ double-knockout mouse embryo fibroblasts (MEFs) were obtained from N. Dyson (42) . U-2 OS-R HA-p130 cells were generated from U-2 OS cells by retroviral transfer of HA-130 subcloned in pBabe-Puro shuttle vector (obtained from H. Land). After infection the cells were selected in puromycin-containing medium (1 g/ml). All cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Cellgro) supplemented with 10% Fetal Clone-I serum (HyClone), 100 U of penicillin per ml, and 100 g of streptomycin per ml. Cells were transfected using FuGene 6 transfection reagent (Roche Biochemicals) according to the manufacturer's protocol. Fifteen micrograms of total plasmid DNA was used per 100-mm-diameter dish transfected.
For pulse-chase, U-2 OS-R HA-p130 cells were incubated in methionine-free DMEM for 2 h prior to labeling. The cells were incubated in DMEM containing 2 mCi of [ 35 S]methionine per ml for 20 min and then chased with complete DMEM supplemented with 10% Fetal Clone-I serum (HyClone).
For immunostaining, cells were cultured and transfected on glass coverslips. Twenty-four to 72 h posttransfection the coverslips were washed three times with phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde in PBS for 30 min. The cells were washed with PBS three times, blocked with PBS-buffered 0.5% Triton X-100 containing 3% normal goat serum (Gibco BRL) for 20 min, and exposed to primary antibodies for 1.5 to 2 h. After being washed three times with PBS, cells were treated with a mixture of fluorescent-labeled secondary antibodies and 5 g of 4Ј,6-diamidino-2-phenylindole (DAPI) per ml for 25 min. Fluorescent images were obtained by using Nikon Eclipse E800 and a Spot digital camera (Diagnostic Instruments, Inc.).
Immunoprecipitation and Western blotting were performed according to a previously described method (35) . For immunoprecipitation, whole-cell extracts of U-2 OS and T98G cells were prepared in EBC buffer (50 mM Tris-HCl [pH 8.0], 120 mM NaCl, 0.5% Nonidet P-40) supplemented with protease inhibitors Set I (Calbiochem). Fractionation of T98G cells was performed using NE-PER (Nuclear and Cytoplasmic Extraction Reagent; Pierce) according to the manufacturer's protocol. Growth arrest assay in Saos-2 cells was performed as described previously (7) .
Plasmids. p130 mutants were generated by cloning p130 fragments in frame with the influenza virus hemagglutinin (HA) epitope (YPYDVPDYA [25] ) in the pcDNA 3.1/Zeo expression vector (Invitrogen). Point mutations were introduced by PCR using two overlapping mutagenesis primers (64) . The SV40 NLS (PKKKRKVED) and the human immunodeficiency virus type 1 (HIV-1) Rev nuclear export signal (NES) (LPPLERLTLD [26] ) were inserted in frame. Fusion proteins of p130 with enhanced green fluorescent protein (EGFP) were prepared with a pEGFP-C1 expression vector (Clontech).
Antibodies. The following antibodies were used for Western blot analysis: anti-p130 polyclonal (C-20), anti-E2F-1 polyclonal (C-20), anti-E2F-4 polyclonal (C-108), anti-p107 polyclonal (C-18), and anti-p53 DO5 monoclonal antibodies from Santa Cruz; anti-pRb and anti-Ki-67 rabbit polyclonal antibodies from PharMingen; and anti-␣-tubulin monoclonal antibodies from Sigma. The following antibodies were used for immunofluorescence experiments: anti-HA monoclonal antibodies (HA-11) from Babco or polyclonal antibodies (Y-11) from Santa Cruz; anti-T-Ag monoclonal PAb 419 (34), anti-p130 monoclonal (211.6) from Santa Cruz, and anti-cyclin B monoclonal antibodies CB169 from UBI (16).
Heterokaryon formation assay. U-2 OS and NIH 3T3 heterokaryons were prepared by a modification of a previously described procedure (63) . Briefly, U-2 OS cells were cultured on coverslips and transfected with 2 g of total DNA in a six-well plate (Falcon). Eighteen to 20 h after transfection, cells were washed three times with serum-free DMEM containing 100 M cycloheximide (Fluka). NIH 3T3 cells were trypsinized, washed with DMEM containing 10% fetal calf serum, washed, resuspended in serum-free DMEM supplemented with 100 M cycloheximide, and added to the six-well plate containing transfected U-2 OS cells. Alternatively, adherent T98G cells were fused with trypsinized doubleknockout p107 Ϫ/Ϫ ;p130 Ϫ/Ϫ MEFs. The plate was centrifuged at 300 ϫ g for 5 min at room temperature. Each coverslip was inverted onto a 100-l drop of 50% polyethylene glycol (PEG) (Roche Molecular Biochemicals) and incubated for 2 min at room temperature. The coverslips were placed into a new six-well plate filled with serum-free DMEM containing 100 M cycloheximide, rinsed three times, and incubated in DMEM containing 10% fetal calf serum and 100 M cycloheximide for 3 h at 37°C under 10% CO 2 . Cells were fixed and immunostained as described above.
Microinjection. EGFP-1081 P-S 1110 was subcloned in frame to the C terminus of glutathione S-transferase (GST) in pFastBac-GST-2T baculovirus and used to infect SF-21 insect cells. Seventy-two hours postinfection the cells were harvested and lysed in EBC buffer containing protease inhibitors Set I (Calbiochem). The cell extract was centrifuged at 15,000 ϫ g for 15 min to remove insoluble particles, and the resulting supernatant was mixed with glutathione-Sepharose (Pharmacia). The resin was extensively washed with EBC buffer and then equilibrated with GST elution buffer (100 mM Tris-HCl [pH 8 .0] and 125 mM NaCl). The bound material was eluted with 15 mM glutathione dissolved in the GST elution buffer. The eluted GST-EGFP-1081 P-S 1110 protein was dialyzed against PBS, and the concentration was adjusted to 5 mg/ml. This purified protein was microinjected into U-2 OS cells using Femtotips attached to Micromanipulator 5171 and Transjector 5246 (Eppendorf). Fluorescent and light images were taken with an Eclipse TE300 inverted fluorescent microscope (Nikon) equipped with a Spot digital camera (Diagnostic Instruments, Inc.).
RESULTS
Nuclear and cytoplasmic localization of pRb proteins. Cell fractionation experiments were performed to analyze cellular distribution of p130 throughout the cell cycle. T98G cells were growth arrested in G 0 /early G 1 by serum deprivation for 72 h and then stimulated to reenter the cell cycle by addition of medium containing 20% serum. Cells were harvested at 2-h time intervals after the stimulation and subjected to a fractionation protocol. The efficiency and accuracy of the fractionation was verified by Western blot analysis of ␣-tubulin as a cytoplasmic marker and Ki-67 as markers for the nuclear fraction ( Fig. 1 ). Ki-67 is a nuclear antigen that is expressed only in proliferating cells (36, 66, 72) and is a marker for exit from G 0 . As shown in Fig. 1 , Ki-67 expression was reduced in the G 0 -arrested cells and its expression increased dramatically 16 to 18 h after serum stimulation. p53 was Western blotted as an additional marker for nuclear fraction and as a tumor suppresser protein that is regulated by nucleocytoplasmic shuttling (56, 79) . We found that p53 was localized predominantly in the nucleus and its level did not fluctuate under these conditions.
The distributions of p130, p107, and pRb in the nuclear and cytoplasmic fractions were analyzed by Western blotting. In G 0 and during the first 6 h after serum stimulation, the relative amount of all pocket proteins in the nuclear fraction was elevated compared to that in the corresponding cytoplasmic fractions. At 6 to 8 h poststimulation, the cytoplasmic signal for each of the three pocket proteins started to increase. After 18 h of serum stimulation, both the cytoplasmic and the nuclear signals for p130 became significantly reduced, while the signals for pRb and p107 were maintained at a steady level. The overall reduction in the p130 levels during late S and G 2 phases is in agreement with data reported previously (51, 70) . Thus, all 35 S]methionine for 20 min, chased with complete medium for the indicated times, and extracted with NE-PER reagent. HA-p130 was immunoprecipitated from the resulting nuclear and cytoplasmic fractions using anti-HA antibodies, separated by SDS-PAGE, and transferred onto nitrocellulose. Autoradiography (top panel) for 35 S was performed first, followed by Western blotting (bottom panel) with anti-HA antibody. Arrows indicate HA-p130, and asterisks indicate hyperphosphorylated forms of HA-p130.
VOL. 22, 2002 NUCLEOCYTOPLASMIC SHUTTLING OF p130 455 three pocket proteins appear to accumulate in the cytoplasmic fraction several hours after serum stimulation. Analysis of the cellular distribution of E2F-4 revealed that its nuclear fraction predominated in growth-arrested cells and for 6 h after serum stimulation. In contrast, cytoplasmic E2F-4 was more evident after 8 h of serum stimulation. Notably, the increased fraction of E2F-4 in the cytoplasm coincided with the increase of cytoplasmic p130. Furthermore, the cytoplasmic pool of E2F-4 peaked between 10 and 16 h after serum stimulation and was reduced afterwards. This reduction was in parallel to the declining cytoplasmic signal for p130. In contrast, both the cytoplasmic and the nuclear signals for E2F-1 increased after 10 h of serum stimulation and were elevated up to late S phase (20 to 24 h time points).
To address the possibility that the appearance of p130 in the cytoplasmic fraction could be attributed to de novo synthesis, we carried out fractionation of the cells labeled with [
35 S]methionine. A stable line of U-2 OS cells was infected by a retroviral vector carrying HA-p130 (U-2 OS-R HA-p130) that constitutively expressed HA-p130 at a level twofold greater than did endogenous p130. Unsynchronized U-2 OS-R HAp130 cells were labeled with [
35 S]methionine for a 20-min pulse and chased with cold methionine. Cells were extracted to prepare nuclear and cytoplasmic fractions, and HA-p130 was immunoprecipitated with anti-HA antibodies. The immunoprecipitated material was separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE), transferred onto a nitrocellulose membrane, and exposed to autoradiography film to detect the 35 S signal (Fig. 1B) . The [ 35 S]-labeled HA-p130 was detected in the nuclear fraction in the initial pulse and in all chase points, although it appeared to decrease with prolonged chase (nucleus, 120-min chase time). In contrast, hyperphosphorylated p130 was not observed in the cytoplasmic fraction until 50 min into the chase and the cytoplasmic HA-p130 signal appeared to increase with increasing chase time. The combination of decreasing nuclear signal and increasing cytoplasmic fractions is consistent with export from the nucleus into the cytoplasm.
p130 shuttles between the nucleus and cytoplasm. To evaluate whether the appearance of p130 in the cytoplasm could be attributed to nuclear export, an in vivo shuttling assay was performed. The migration of p130 between cellular compartments was studied in a human-mouse interspecies heterokaryon formation assay. HA-p130 and the K1 mutant of SV40 large T-Ag were transiently cotransfected into the U-2 OS human cell line. K1 T-Ag contains a mutated LXCXE motif and is unable to bind to p130 or other pRb family members (88) . K1 contains the strong SV40 T-Ag NLS but no export signal and is not known to shuttle. Twenty-four hours posttransfection, NIH 3T3 mouse fibroblasts were fused to the transfected U-2 OS cells in the presence of cycloheximide to block synthesis of new proteins. The hybrid cells were double stained with HA and T-Ag antibodies to detect expression of HA-p130 and K1 T-Ag, respectively. Figure 2A shows a representative hybrid of mouse and human cells fused together without fusion of the nuclear membranes. As revealed by DAPI staining, mouse nuclei were smaller and rounder than human nuclei and filled with characteristic small bright dots (Fig. 2, DAPI panels) . Both HAp130 and K1 were efficiently expressed and localized in the nuclei of human cells. However, HA-p130 was also detected in the mouse nucleus 3 h after the formation of the heterokaryon, while K1 remained in the nucleus of the human cell. The presence of HA-p130 in the nucleus of the mouse cell was not due to de novo protein synthesis, given the presence of cycloheximide but suggested the possibility of a combination of export from the human nucleus and import into the mouse nucleus. Similar results were observed when HA-p130 was transfected in the absence of the K1 mutant, demonstrating that the shuttling was independent of T-Ag (data not shown).
To address whether nucleocytoplasmic shuttling of the transfected p130 could be attributed to nonphysiological overexpression conditions, we performed a similar assay monitoring the translocation of the endogenous protein. In this experiment we employed the human T98G glioblastoma cell line because of the relatively higher expression level of p130. The adherent T98G cells were fused with MEFs which had homozygous deletions of both p107 and p130. Double-knockout p107 Ϫ/Ϫ ;p130 Ϫ/Ϫ MEFs were chosen to avoid cross-reactivity of anti-p130 antibodies with p107 present in p130
Ϫ/Ϫ MEFs (data not shown). We found that endogenous p130 was translocated from human to mouse nuclei (Fig. 2B) . A specific signal for p130 in mouse nuclei was detected only in the presence of PEG, which caused fusion of the cell membranes. In the control mixed cell population (not treated with PEG), p130 was undetectable in murine nuclei (Fig. 2B) . The fact that the nucleocytoplasmic shuttling of p130 occurred with physiological levels of expression suggested that this trafficking occurs in vivo and may play a role in the regulation of p130 activity.
Cellular localization of p130 deletion mutants. The fact that p130 was able to shuttle between nuclei of multinucleated cells suggests that p130 may contain signals for nuclear as well as cytoplasmic localization. To identify these signals, a series of HA-tagged deletion mutants of p130 were prepared (Fig. 3) . HA-tagged p130 constructs were transiently expressed in U-2 OS, immunostained with anti-HA monoclonal antibodies, and counterstained with DAPI. Full-length HA-p130 and HA-⌬N, deleting the N-terminal 410 amino acids, were detected only in the nucleus (Fig. 4) . In contrast, deletion of the C-terminal 112 residues of p130 (HA-⌬C) resulted in increased cytoplasmic localization compared to the wild-type p130 distribution, although the overall localization of the mutant remained predominantly nuclear. To clarify the ambiguous cellular distribution of HA-⌬C, well-characterized nuclear localization or nuclear export signals were added. The fusion of HIV-1 Rev protein NES to the mutant resulted in a prominent cytoplasmic localization of HA-NES-⌬C. The fusion of NLS from SV40 large T-Ag resulted in exclusively nuclear localization of HA-NLS-⌬C.
The C terminus of p130 contains NLSs. Since removal of the C terminus of p130 resulted in an increase in the cytoplasmic signal for p130 (Fig. 4) , it was thought that the C terminus might contain an NLS. The C terminus of p130 shares high homology with pRb, for which a bipartite NLS has been previously reported (86) . Analysis of p130 by PSORT software identified two putative NLS in the C terminus, 1081 PSKRLRE 1087 and 1098 PTKKRGI 1104 , separated by 11 residues. To evaluate whether these sequences could function independently or form a bipartite NLS, the last 69 amino acid residues of p130 were fused to EGFP. The construct was transiently expressed in U-2 OS cells, and the chimeric proteins were visualized by direct fluorescence. The experiment revealed that the EGFP-tagged wild-type C-terminal fragment was localized in the nucleus (Fig. 5, -m-NLS-2) were observed to be exclusively nuclear. However, the combination of alanine substitutions in both basic regions resulted in reduced nuclear localization of the protein (Fig. 5, 1104 fragments functioned independently suggested that the C terminus of p130 contains two independent NLSs and not a bipartite one as was previously described for pRb (86, 87) .
Cytoplasmic microinjection of the C-terminal NLS of p130 results in nuclear translocation. To prove unequivocally that the C-terminal region contains an authentic NLS we performed microinjection studies. A fusion construct comprised of GST, EGFP, and the 1081 P-S 1110 fragment of p130 containing both C-terminal NLSs was microinjected into U-2 OS cells. At the time of injection the green fluorescence of the GST-EGFP-1081 P-S 1110 protein was detected exclusively in the cytoplasm (Fig. 6, time 0) . As early as 45 s after microinjection, a substantial fraction of the protein entered the nucleus. The nuclear translocation of the chimeric protein increased with time, reaching its maximum (exclusively nuclear staining) within 5 to 7 min (Fig. 6) . A control protein, rabbit immunoglobulin G conjugated to red fluorescent dye, remained in the cytoplasm 20 min after cytoplasmic microinjection (data not shown). Unaltered GST-EGFP protein was also microinjected into U-2 OS cells, and it was found that its green fluorescence did not change localization with time and remained in the same compartment where it had been microinjected, i.e., either in the cytoplasm or in the nucleus (data not shown). This experiment demonstrates that the 1081 P-S 1110 p130 fragment contains an authentic NLS.
p130 contains multiple NLSs. The results described above unambiguously demonstrate the presence of two functional NLSs in the C terminus of p130. However, deletion of the entire C terminus did not completely abolish nuclear localization of the HA-⌬C mutant (Fig. 4) , suggesting the presence of additional NLS within p130. Full-length p130 containing alanine substitutions in both C-terminal NLSs (HA-p130-m-NLS-1&2) was also located exclusively in the nucleus when transiently expressed in U-2 OS cells (Fig. 7A) . Neither deletion (HA-⌬C) nor mutation (HA-p130-m-NLS-1&2) of the C-terminal NLS sequences resulted in complete abolishment of nuclear localization of p130, suggesting the possibility that p130 contains additional NLSs. It has been reported that pRb containing mutations both in the pocket domain and in the C-terminal NLS showed cytoplasmic localization (86, 87) . By analogy with pRb, we expected a similar double mutant of p130 to be cytoplasmic. To address this, the C-terminal NLS sequences were mutated in the context of p130 with an inactivated pocket domain HA-⌬21 (3). Unexpectedly, HA-⌬21-m-NLS-1&2 was localized to the nucleus (Fig. 7A) . This finding suggested that p130 may contain an NLS in addition to the C-terminal NLS and the pocket domain. Analysis of the primary structure of p130 revealed that the 928 R-E 999 fragment of domain B of the pocket contained a potential NLS, 935 KRKRR 939 . The 928 R-E 999 region, referred to as the Loop domain of p130, is multiply phosphorylated in G 0 growth-arrested cells (7) . The combination of a deleted Loop region and mutation of both C-terminal NLSs (HAp130-⌬Loop-m-NLS-1&2) resulted in nuclear localization of the protein (Fig. 7 A) . This finding supported the involvement of the pocket domain in nuclear localization of p130. To rule out the possibility of any additional NLS, we prepared a mutant with inactivating mutations in the pocket domain, the Loop region, and C-terminal NLSs. All five basic residues in the 935 KRKRR 939 Loop cluster were replaced by alanines (designated 5A mutation) in the context of p130 with mutated pocket domain (⌬21) and both C-terminal NLSs (m-NLS-1&2). This mutant (HA-p130-⌬21-5A-m-NLS-1&2) was found exclusively in the cytoplasm when transiently expressed in U-2 OS cells (Fig. 7A) .
To confirm the nuclear targeting properties of the 935 KRKRR 939 region, we prepared a fusion protein of EGFP and the Loop region of p130, 929 S-E 1000 (Fig. 3) , and a similar construct containing 5 alanine substitutions at residues 935 to 939. Transient expression of the construct in U-2 OS cells revealed that the wild-type Loop was able to target the chimeric protein to the nucleus (Fig. 7B) , while the EGFPLoop-5A construct displayed a pancellular localization pattern similar to nonmodified EGFP (Fig. 5) . We conclude that 935 KRKRR 939 is a functional NLS in the context of both fulllength p130 and the Loop fragment. This result strongly suggested that p130 contains at least four independent signals for nuclear translocation: three short basic regions and one that requires an intact pocket domain.
We considered the possibility that the nuclear localization activity of the pocket domain of p130 was dependent on binding to LXCXE motif-containing proteins. A mutant p130 was prepared by analogy to a human pRb mutant that lacked the ability to bind to LXCXE motif-containing proteins but retained the ability to bind and inactivate E2F (15) . This p130 mutation, designated YAKA, consisted of a double substitution from 897 Y to A and from 901 K to A, corresponding to the 709 Y and 713 K positions in human pRb. To verify that the YAKA-p130 mutant was defective in binding to the LXCXE motif, we tested its ability to associate with SV40 large T-Ag. We found that YAKA-p130 failed to bind to T-Ag in a coimmunoprecipitation assay (data not shown). Expression of YAKA-⌬Loop-m-NLS-1&2 mutant was localized in the nuclei of the transfected cells (Fig. 7A) . This finding suggested that binding to cellular LXCXE-containing proteins did not contribute to the nuclear localization of the pocket domain.
A cytoplasm-targeting activity of the N terminus of p130. It has been reported that the nuclear export by the Crm1/exportin 1 transporter is dependent on interaction with a leucinerich consensus sequence (71, 77) . A short colinear sequence within the N terminus of p130 contains a leucine-rich sequence that resembles the consensus sequence (L-X 2-3 -L/V/M/I/F-X 2-3 -LXL) recognized by Crm1/exportin 1 (Fig. 8) (46) . The Clustal algorithm alignment of human members of pRb family revealed a high degree of homology within this fragment (Fig. 8) .
To test whether this leucine-rich region ( 217 M-G 238 ) would act as an NES, an EGFP fusion construct was transiently expressed in U-2 OS cells. We found that the EGFP-217 M-G 238 fusion protein was present in both nucleus and cytoplasm ( Fig.  9 ) and that the overall distribution pattern was not distinguishable from the distribution of the EGFP vector (Fig. 5) .
To exclude the possibility that the 217 M-G 238 fragment did not encompass the entire putative NES, we prepared an EGFP fusion protein of a larger fragment of p130 ( 175 K-F 254 region). The predicted molecular mass of the fusion protein was about 35 kDa, a size presumably small enough to allow diffusion between nucleus and cytoplasm. Transient expression of the EGFP-175 K-F 254 construct in U-2 OS cells resulted in exclusive localization of the chimera in the cytoplasm (Fig. 9 , EGFP-175 K-F 254 ). To test whether the cytoplasmic localization of EGFP-175 K-F 254 was dependent on nuclear export mediated by Crm1/exportin 1, cells were treated with leptomycin B, a specific inhibitor of this transporter (27, 77) . Cyclin B was used as a positive control for inhibition of the Crm1/exportin 1 activity. Cyclin B has been reported to be exported from the nucleus in a Crm1/exportin 1-dependent manner (31) . Treatment of transfected cells with leptomycin B resulted in the accumulation of cyclin B in the nucleus, while the EGFP-175 K-F 254 fusion protein remained in the cytoplasm (Fig. 9) . These results suggested that either the potential NES in p130 was not sensitive to leptomycin or the cytoplasmic localization of the chimeric protein was not due to nuclear export. Growth arrest activity of p130 mutants. To evaluate the effects of mutations in the N and C termini on the activity of p130, a Ki-67 growth arrest assay was performed (7) . Transient expression of wild-type, full-length HA-p130 resulted in a significant decrease in expression of K i -67 in Saos-2 cells (Fig.  10A) . In contrast, expression of the pocket mutant HA-⌬21 failed to reduce the expression of K i -67 relative to untransfected cells. The HA-⌬N mutant retained at least 90% of the growth arrest activity seen with HA-p130 (Fig. 10A) .
Although the HA-⌬C mutant was predominantly nuclear, it lacked the ability to induce growth arrest. Moreover, retargeting of the HA-⌬C mutant into the nucleus by exogenous NLS (HA-NLS-⌬C) did not restore its growth arrest activity. In addition, the HA-NES-⌬C mutant did not display a growth arrest activity significantly different from that of HA-⌬C or HA-NLS-⌬C (Fig. 10A) . In contrast to the HA-⌬C mutant, the growth arrest activity of HA-p130-m-NLS-1&2 (Fig. 10A ) protein was very similar to that of the wild-type p130. This finding indicates that nuclear localization activity of the C-terminal domain of p130 was not essential for the growth arrest activity.
To get an insight into the mechanisms critical for growth arrest, the association of p130 mutants with the E2F-4 transcription factor was evaluated. HA-tagged p130 and mutants were transfected into U-2 OS cells and were immunoprecipitated with anti-HA-tag-specific antibodies. The immunoprecipitated complexes were Western blotted to determine the ability to coprecipitate endogenous E2F-4. HA-p130, HA-⌬N, and HA-p130-m-NLS-1&2 retained E2F-4 binding activity (Fig. 10B, lanes 3, 5, and 6 ), while HA-⌬C failed to associate with E2F-4 (lane 4). This result demonstrated that E2F-4 binding is not dependent on the entire N terminus of p130, and although loss of the entire C terminus disrupted binding to E2F-4, specific mutations of the C-terminal NLS did not disrupt E2F-4 association or growth arrest activity.
DISCUSSION
Progression through the cell cycle requires the orchestrated action of the pRb family and E2F/DP transcription factors. In growth-arrested and differentiated cells, p130 is the major E2F partner (53) . Under these conditions, the p130-E2F complexes are exclusively nuclear and transcription of E2F-dependent genes is repressed. Upon exit from the growth-arrested stage, several events occur. During mid-to-late G 1 , all pRb family members undergo a specific phosphorylation by cyclin-dependent kinases. This phosphorylation is thought to dissociate pRb family members from E2F, resulting in loss of repression of E2F-dependent transcription. In this paper, evidence is presented that in addition to phosphorylation, pRb family members also accumulate in the cytoplasm during the late G 1 phase of the cell cycle. Furthermore, nucleocytoplasmic shuttling may be dependent on multiple nuclear and cytoplasmic localization sequences. Export to the cytoplasm may represent a novel mechanism providing a rapid and efficient way to relieve pocket protein-mediated repression of E2F-dependent transcription.
It has been reported that pRb contains a bipartite nuclear localization signal in the C-terminal part of the molecule (86, 87) . Furthermore, nuclear localization of pRb could be achieved by two independent mechanisms: by the C-terminal bipartite NLS and by an intact pocket domain. While the present study was in progress, Cinti et al. reported that p130 also contains a C-terminal bipartite NLS (10) . However, the experimental results presented here demonstrate that the C terminus of p130 apparently contains two independent NLS sequences and each of them can efficiently translocate reporter proteins into the nucleus. Mutation of the C-terminal p130 NLS separately or together did not disrupt the nuclear localization of p130 or its ability to bind to and repress E2F activity. In contrast, deletion of the C terminus of p130 resulted in loss of binding to E2F-4 and ability to induce growth arrest. This finding suggested that the functional importance of the p130 C terminus is in its contribution to the physical association of p130 with E2F-4, rather than in targeting p130 to the nucleus as previously suggested (10, 86) . Furthermore, although addition of the Rev NES to p130 led to cytoplasmic localization, it was still capable of repressing E2F-dependent transcription.
As was the case for pRb, the nuclear localization of p130 was not entirely dependent on the C-terminal NLSs (86, 87) . p130 and pRb use their pocket domains for nuclear targeting. It is plausible that the pocket domain does not contain a canonical NLS but is able to interact with another protein(s) that may target pocket proteins into the nucleus. We genetically separated the ability of p130 to bind LXCXE-containing proteins and nuclear targeting activity of the pocket domain. We also demonstrated the presence of an additional NLS ( 935 KRKRR 939 ) in the Loop region of p130. Given that the Loop region of p130 is not present in pRb, this may explain the difference in the nuclear localization of the double mutant of p130 and of pRb constructs.
Interestingly, it was reported that phosphorylation of pRb reduced the ability of pRb to bind to a nuclear anchor (57) . In fact, all pocket proteins may share this decreased affinity for the nucleus when they become hyperphosphorylated during the G 1 /S phase transition. Phosphorylation of pocket proteins may affect FIG. 8 . Alignment of the N-terminal region of human p130, p107 and pRb. p130, p107, and pRb were aligned using the Clustal alignment algorithm. Identical amino acid residues are highlighted in black.
217 M-G 238 contains the leucine-rich motif (arrows indicate positions of leucine residues) that resembles an NES consensus sequence, L-X 2-3 -L/V/M/I/F-X 2-3 -LXL, recognized by Crm1/exportin 1 (46) . the activity of the nuclear localization sequences. Both of the C-terminal NLSs ( 1081 SPSKRLRE 1087 and 1098 TPTKKRGI 1104 ) are preceded by serine or threonine/proline residues. The SP/TP sites may be phosphorylated by cyclin-dependent kinases and could disrupt their ability to target p130 to the nucleus. It was recently reported that the Loop region is also specifically phosphorylated at multiple sites (7, 33) . This finding suggests that the NLS within the Loop may also be regulated by phosphorylation. More experimental data are required to prove such hypothesis.
In spite of the presence of multiple NLSs, fractionation experiments performed on cells released from growth arrest demonstrated that a substantial fraction of p130 was present in the cytoplasm. An interspecies heterokaryon formation assay also demonstrated that p130 was capable of shuttling between the nucleus and cytoplasm. These results suggest the existence of specific signals providing p130 with an ability to enter and leave the nucleus. Leucine-rich NES are demonstrated to export proteins by binding to Crm1/exportin 1. A leucine-rich fragment in the N terminus of p130 was identified ( 217 M-G 238 ) but was not sufficient for nuclear export of the protein. However, a slightly larger fragment containing the leucine-rich region localized to the cytoplasm. The cytoplasmic localization of the EGFP 175-254 protein containing the leucine-rich fragment of p130 was not changed upon treatment with leptomycin B, a specific inhibitor of Crm1/exportin 1 (27, 77) . The failure of leptomycin B to affect the localization of the N terminus of p130 suggests that its cytoplasmic targeting might not be dependent on binding to Crm1/exportin 1. Alternatively, Crm1/ exportin 1 may regulate the subcellular localization in a leptomycin-independent manner (60) . It is also plausible that cytoplasmic translocation of p130 may be dependent on a different molecular mechanism, for example as was demonstrated for ␤-catenin (82) . The N terminus of p130 may serve as a cytoplasmic retention signal rather than a nuclear export sequence. Alternatively, p130 may lack NES of its own but utilize the N-terminal domain to interact with another NES-containing protein for shuttling. It has been reported that E2F-4 and E2F-5 do not contain intrinsic NLS but can be imported into the nucleus in complex with p130 or p107 (48, 49) . It was also suggested that the nucleocytoplasmic shuttling of E2F-4 might regulate its transcriptional activity (29, 48, 58, 59, 78) . Given that p130 has nuclear and cytoplasmic targeting signals, E2F-4 shuttling may be dependent upon its interaction with p130. Translocation of p130 with E2F-4 into the nucleus during G 0 and early G 1 could contribute to repression of E2F-dependent transcription, while shuttling out of the nucleus and into the cytoplasm as the cell enters the cell cycle would relieve repression. The nucleocytoplasmic shuttling of a p130 and E2F-4 complex may represent a novel mechanism for inhibition of E2F-dependent transcription that is utilized upon exit from G 0 . 
